Performance of variations of the dynamic elastance model in lung mechanics
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[bookmark: _GoBack]Abstract—Acute respiratory distress syndrome (ARDS) is associated with high mortality and it is a major clinical problem. A common therapy for ARDS patients is mechanical ventilation (MV). However, poorly applied MV can be potentially fatal and optimal MV settings are patient specific. Thus, choosing a good positive end expiratory pressure (PEEP)-level compromise is a clinical challenge. Physiological modeling of the lung is one way to support the selection of the optimal settings for mechanical ventilation.
This research makes the reasonably well-supported assumption that optimal PEEP is in the region of minimal elastance of the lung-tissue. The first order model of pulmonary mechanics (FOM) was modified in two differing ways in order to determine the patient-specific pressure range that coincides with minimal elastance. The extensions to the FOM (multiplicative elastance correction and additive volume correction parameters) are compared and evaluated.
The addition of the correction parameters ultimately improved the consistency of the modelled elastance across PEEP levels for most patients tested. The results for minimal elastance were in very similar ranges for both approaches. Although this consistency offers a partial validation of the robustness of the approaches, discernment of the optimal approach cannot be determined. Further validation across differing patient states and experimental inputs must be undertaken to determine which method is more representative of true patient physiology.
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 Introduction
Acute respiratory distress syndrome (ARDS) captures a variety of pulmonary dysfunctions. It was first described in the late nineteen sixties by Ashbaugh et al. [1]. Due to the wide range of etiology and pathogenesis, ARDS is noted for its complexity and heterogeneity. The causes of ARDS can include pneumonia, sepsis, trauma, asthma, chronic obstructive pulmonary disease (COPD), pancreatitis, burns, and near drowning. The pathologic syndromes include edema (alveolar and interstitial) and fibroses [2, 3]. ARDS remains a major clinical problem with ambiguous understanding of the benefits of different treatment approaches, and little consensus within the clinical community regarding the optimal treatment of ARDS patients.
Mechanical ventilation (MV) is an essential therapy for ARDS patients. The current general MV approach is known as lung protective ventilation, which uses low tidal volumes (6 ml/kg) and higher positive end-expiratory pressure (PEEP) levels [4]. Studies have reported that these settings in combination with recruitment maneuvers decrease the mortality and the recovery-time of patients [5, 6]. However, some studies have claimed that the influence of PEEP [7] or recruitment maneuvers [8] on outcome / final patient mortality is small. 
Furthermore, some research has hypothesized that a higher PEEP may be a compromise that balances recruitment and over-distension [9]. Higher PEEP and recruitment maneuvers induce alveolar recruitment and keep the alveoli open during expiration. This recruitment strategy increases alveolar oxygenation (PaO2, FiO2), but will also increase the probability of ventilator induced lung injury (VILI), which can involve lung inflammation due to over-distention (mechanotransduction mechanism [10]), circular depression, edema, or other pathophysiologic effects. Hence, the selection of optimal PEEP-level remains a challenge.
Studies have been carried out to determine the optimal lung protective ventilation by finding a minimal elastance range [11]. Some such studies have implied that optimal ventilator settings would be in the region of minimal elastance [12-14]. In particular, minimal elastance range would minimize the energy transferred to the lung by mechanical ventilation. That the transferred energy is equal to the sum of terms which are proportional to patient specific resistive and elastance terms was shown by Chiew et al. [14]. Furthermore, their strategy states that minimizing the energy transferred to the lung by mechanical ventilation could potentially be used to determine the optimal PEEP level. In connection with the energy – elastance relationship they claimed that the optimal PEEP level can be determined by setting the tidal pressure in the region, where the minimum of a pressure-dependent elastance curve appears.
In this study, the concept introduced by Chiew et al. [14] is further developed via the introduction of terms that link pressure dependent elastance (E(P)) across PEEP levels. In particular, two different approaches are proposed and investigated to determine the minimal E(P) by using different extensions to a single compartment lung model (Fig. 1). It is hypothesised that models that can determine behavior across multiple PEEP levels can capture patient specific information that could eventually help clinicians provide individualised care for ARDS patients [15-17].


Methods
Patients and clinical protocol
This comparison study was based on the retrospective clinical data of Bersten et al. [18], where 12 patients with different levels of lung injury or ARDS were included ventilated in square wave profile volume controlled mode at 3 or 4 different PEEP levels. As described in the study of Sundaresan et al. [19], which was based on the same dataset, Bersten et al. reported 10 patients in this paper. However, an additional two patients were not reported due to limited PV loops recorded. These data sets include PV loops [20] (see Figure 1) for each patient at a minimum of three different PEEP values with a measured dynamic functional residual capacity (dFRC). PEEP was applied and held for 30 min before sampling was done. During the final 60 s, the data was then sampled at 100 Hz. After approximately 40 s of tidal ventilation at PEEP, the ventilator is then set to zero end expiratory pressure (ZEEP), allowing the lung to deflate to functional residual capacity FRC. In this study the last 6 breathing cycles before the reduction to ZEEP were analyzed as they provided a steady-state.
[image: ]
Figure 1  P(V) curves of different PEEP levels of Patient 10 (Bersten).


Models
Ockham’s razor implies that, in the absence of contrary evidence, the simplest model of pulmonary mechanics is best to describe the respiratory behavior of the lung. Hence, the first order model (FOM) was defined. The airway passage is symbolized by a single resistance and the tissue property of the lung and airways is described by a capacitance (or inverse elastance). The FOM equation is shown in Equation 1 and the electrical analogy is shown in Figure 2.
	
	(1)


where: P is the airway pressure, E is the respiratory system elastance, V is the volume, V0 is the offset volume, R is the respiratory system resistance, is the flow and P0 is the offset pressure
P – P0
R
C=E-1

Figure 2  The first order model (FOM) of pulmonary mechanics.

However, the first order model was not intended to fully capture all of the behavior of the breathing process. Chiew et al. [21] extended the FOM by introducing a pressure-variant dynamic elastance (E(P)), considering R to be constant. E(P) was determined after constant E and R values were determined by linear regression over a single breath. The evaluation of E(P) was determined using Equation 2.
	
	(2)


But the application of this approach caused a shift between the elastance curves of different PEEP levels and no continuous prediction curve for E(P). Therefore in this study, further enhancements of the first order model employed two different extensions of the dynamic elastance model. 

The first method is the α-method, which introduces multiplicative correction terms according to the PEEP levels [22] (Equation 3). 
	
	(3)


where: αi was the correction factor at a given PEEP level (P0,i), i = 1…n  and n is the number of PEEP levels.
Hence, if αi+1>αi, the model indicates alveoli recruitment in at the higher PEEP-level (i+1) and αi>αi+1 denotes derecruitment at higher PEEP. The second method tested is the β-method, which introduces a consistent shift to E(P) according to the PEEP level (Equation 4).
	
	(4)


where: βi is the volume correction factor for a given P0,i, i = 1…n, and n is the number of PEEP levels.
The βi can be considered as an additional volume in the lung due to PEEP induced recruitment/derecruitment. A pressure change to a higher PEEP level, βi+1>βi could be attributed to recruitment and βi+1<βi to derecruitment.
An overview of the metodology of this study is given in Figure 3. The comparison of the α-method and the β-method was done by following this sequence. After the identification of the initial resistance value, the E(P) curves were determined by Equation 2. Afterwards the introduction of the correction parameters and their identification were done by minimizing the distances between all E(P) curves. Subsequently a empirical relationship (Equation 7) was fit to the corrected E(P) curves to determine the desired and clinical relevant values of argminP(E(P)) and P0,opt. 
[image: ]
Figure 3  flow diagram of the methodology
Parameter identification
The αi and R values were obtained by minimizing the differences between the E(P) curves of all breathing cycles in all PEEP levels (Equation 5). This optimisation was undertaken using the lsqnonlin.m function in MATLAB® 2013a (MathWorks, USA). 
	
	(5)


It was used for all pressures P ϵ , which was given by the overlapping area of the two curves E(P)i and E(P)j, where  and  are defined as  = max(min(Pi), min(Pj)) and  = min(max(Pi), max(Pj)) and n was the number of PEEP levels and m is the number of analyzed breaths per PEEP level.
The β-method was similarly identified using lsqnonlin.m. However, due to unmodelled effects in lower pressure ranges of the breathing cycles, the optimization algorithm was changed such that the E(P) curves across PEEP levels matched at the end inspiratory pressure (EIP) of the lower PEEP setting. In particular, the parameters of the β-method were identified by minimizing the difference between E(P) levels across PEEP levels during the final 20 data points at the lower PEEP setting (this range is defined ). The minimization criterion is shown in Equation 6.
	
	(6)

	where:
	
	is the mean elastance value of all m different analyzed breaths per PEEP level i.


In higher pressure ranges used to identify the β-method, the flow signal is minimal. Thus, the data is poorly conditioned to yield precise R values. Hence, to avoid poor parameter values, the β-method uses an R value captured via an FOM analysis of the full pressure flow profiles. 
The ultimate potential benefit of these methods is the ability to determine where in the pressure range each patient exhibits minimum elastance. Chiew et al. [14] hypothesized that this range would be the optimal elastance at which to apply ventilator therapy. A number of candidate functions that yielded elastance as a function of pressure were considered in a curve fitting analysis. Via analysis of elastance residuals and a preference for models with limited parameterization, Equation 7 was determined to be the best model. To find the pressure region that contained the minimum elastance, Equation 7 was fit to the E(P) curves using the cftool.m function in Matlab 
	
	(7)


where x1 have unit of cmH2O/l, x2 of 1/cmH2O, x3 of 1/l, and x4 of cmH2O/l. Finally, the pressure range of minimum elastance was found by determining the value that allowed 
	
where  is the tidal pressure.
	(8)


Equation 8 was rearranged to Equation 8b and P0,opt. was evaluated for each patient with  set to 15 cmH20. Since it is deemed unwise to recommend a value that would set peak pressure greater than 35 cmH20 [23], the P0,opt value was kept at values lower than 20 cmH20.
	
	(8a)

	
	(8b)


Results
The different optimization approaches had a minimal effect on the pressure dependent E(P) curves. While the α–method minimizes the differences between the overlapping area of the total E(P) curves of different PEEP-levels and breaths (Figure 4), the β-method adjusts βi by bringing the trends of the E(P) curves of different PEEP-levels in higher pressure ranges into line (Figure 4). Figure 4 shows E(P) curves for some indicative patients using both methods. Table I shows the results of both approaches, with the identified  pressures. 
While most patients exhibited clear ranges of minimal elastance, in some cases, neither the α-method nor the β-method yielded suitable results. Finally,  values were determined in 10/12 cases using the α–method and 11/12 cases using the β-method. However, some of these values would have caused excessive peak pressures if applied clinically. Both methods found a minimal elastance in a usable range in only 5/12 cases. Patients that exhibited lower elastance at high pressure levels are indicated in Table I by the recommended P0,opt= 20 cmH2O. While Patient 10 showed clear regions of minimal elastance in Figure 4, Patient 4 showed a continual reduction in elastance as pressure increased. 
Clinical outcomes
	Patient
	RFOM
[cmH2O·s·l-1]
	RE(P)
[cmH2O·s·l-1]
	α-method
	β-method

	
	
	
	α1
	α2
	α3
	argminP(E(P))
[cmH2O]
	P0,opt
[cmH2O]
	β1 [ml]
	β2
[ml]
	β3
[ml]
	argminP(E(P))
[cmH2O]
	P0,opt
[cmH2O]

	1
	8.3
	6.93
	1.12
	1.26
	-
	23
	17.6
	44
	110
	-
	21
	17.8

	2
	9.0
	7.02
	1.01
	0.94
	-
	23*
	13.8
	-80
	-128
	-
	20*
	20.3 (20)

	3
	9. 9
	6.18
	1.0
	1.0
	-
	34*
	26.1 (20)
	3
	20
	-
	32*
	27.9 (20)

	4
	6.5
	2.98
	1.10
	0.69
	-
	-
	‡ (20)
	100
	-220
	-
	-
	‡ (20)

	5
	5.8
	5.03
	1.0
	0.92
	1.01
	30*
	‡ (20)
	2
	-54
	-30
	30
	28.4 (20)

	6
	8.2
	6.21
	0.97
	0.79
	0.79
	-
	24.0 (20)
	0
	-78
	-84
	30*
	24.1 (20)

	7
	4
	4.57
	1.12
	0.99
	1.12
	19*
	14.3
	42
	-12
	6
	18
	13.2

	8
	10.6
	11.46
	0.92
	1.20
	-
	-
	23.2 (20)
	-30
	63
	-
	27
	19.6

	9
	5.5
	10.76
	1.16
	1.10
	-
	-
	5.3 (20)
	85
	84
	-
	32
	23.8 (20)

	10
	8.1
	6.83
	1.12
	1.10
	1.26
	23
	18.3
	45
	66
	140
	21
	17.5

	11
	3.8
	5.54
	1.03
	0.96
	-
	17
	11.3
	0
	0
	-
	20
	13.6

	12
	8.6
	6.89
	0.86
	0.76
	-
	35*
	27.7 (20)
	-78
	-156
	-
	-
	31.3 (20)


*approximation; ‡ method failed to determine P0,opt due to absence of a minimum
[image: ]
Figure 4  E(P) curves of the original dynamic elastance model and for both approaches and Equation 7 fits with data from Patient 10 (top), 8 (middle), and 4 (bottom).

Table II shows the formulations of Equation 7 used to fit the fitted E(P) curves shown in Figure 4. Note that Equation 7 describes an empirical relationship of E(P). Thus, the empirical values of P used in Equation 7 were in the range of the airway pressure (0 cmH2O to 50 cmH2O) and the gained values for E(P) were in cmH2O/l. The units of the xi parameters are:  x1 in cmH2O/l, x2 in 1/cmH2O, x3 in 1/l, and x4 in cmH2O/l

Fitting Functions
	Patient
	method
	Equation 7       E(P) in [cmH2O/l]

	4
	α–method
	

	
	β-method
	

	8
	α–method
	

	
	β-method
	

	10
	α–method
	

	
	β-method
	




Discussion
Both proposed methods achieved the intended outcome of determining a smooth function for elastance as a function of pressure. Figure 4 shows that the E(P) curves of each patient were relatively well correlated though the final stages of inspiration. Hence, the optimization processes were successful. Equation 7 was fit to the regions of the E(P) curve that were in agreement and was used to determine the region of pressure over which the pulmonary elastance was at a minimum. This minimum elastance has been hypothesized as the optimum range to set ventilator therapy pressures [14, 24].
It is important to note that the method did not fail when the minimum elastance range was not found, and a value of 20cmH20 was used. In most of these cases, the patient elastance did not increase in the measured data during the pressure range encountered during the recruitment manoeuvre. Hence, the effect that the method sought to determine did not occur in the measured data. In such cases, where pulmonary distension was not experienced, finding a range that purported to find a minimal elastance would have been a physiologically inaccurate failure of the method, not a success. Recent studies have shown that comparatively low PEEP levels are conducive to improved outcomes for ARDS patients. Thus, if the method suspects a P0,opt outside of the pressures found in the measured data, it determines 20cmH20 as the appropriate P0,opt level.
The method also assumes that a tidal pressure of 15 cmH2O would provide sufficient tidal volume to the patient. This may not be the case for individuals with very high elastance. For such individuals, Equation 8 must be re-evaluated with a different  value. Further consideration of how to automate this process within the parameter estimation must be undertaken prior to clinical application of this process. 
Both the α-method and the β-method can be derived via reasonable physiological arguments. In particular, the α-method describes recruitment of additional sections of lung at higher PEEP levels. Recruitment characteristics are determined by the α-method as a α0<α1< α2< α3. Table I shows that for many patients, either minimal recruitment was achieved, or no recruitment was evident. Patient 4 showed a significant increase in effective elastance at a higher PEEP level. This patient was the outlier seen in Figure 4, and both modelling strategies failed to capture the behavior. 
The β-method may provide a more reasonable physiological explanation of the pulmonary behavior. It is assumed that the end expiratory volume must increase during PEEP steps. However, to mitigate integral drift from the measured flow data, the volume data must be calibrated to zero end expiratory volume. This assumption is accounted for by the ‘-P0’ term in Equations 1-4. However, this assumption of zero end expiratory volume is physiologically incorrect and would have a reasonable impact on the identified curve of E(P) as PEEP is increased. The βi terms found in this analysis represent a correction factor in this assumption. The ‘-P0’ term means that the βi values do not necessarily account for the true recruited volume.
The optimization process used for the β-method was modified to use only the final points on the E(P) curve as they were susceptible to showing unusual behavior at lower pressure ranges. Thus, Equation 5 could not be applied successfully. This behavior is due to the modelling strategy which sets R to a constant value across all PEEP-levels. Physiologically, at higher pressures the diameter of the bronchial path increases. This increase in airway diameter reduces the resistance by the ratio of diameters to the 4th power, according to the Hagen-Poiseuille law. By changing the fitting method a result could be obtained. The adapted fitting process adjusted the trends of the E(P) curves of different PEEP levels only in higher pressure ranges. By fitting only the final stages of the elastance at each PEEP level, the influence of R on the optimization process is reduced. Equation 4 can be rearranged to:
	
	(9)


At higher pressures, the equation is dominated by high pressure values P and the influence of R on the identification of βi is small. At lower pressures R has the potential to influence the E(P)-curve much more significantly according to the least square criteria, which is affected by outlier data. Hence, to develop E(P) curves that are consistent across higher pressures at different PEEP levels, the low pressure regions of the data were ignored by the identification method/algorithm.
Figure 4 and Table II show that both approaches yield similar min(E(P)) and E(P)-curves, despite different fitting methods and models. In particular, the proposed P0,opt values, which are the primary motivation of this research, were very similar across approaches. However, there were very slight advantages to the β-method in terms of the data fitting process. In particular, the lower influence of R and reduced E(P) overlapping stabilized the parameter identification process and reduced the need to develop strategies to avoid local minima during parameter convergence. There was only one patient for which one method was clearly superior to the other. This outcome is shown in Figure 4, Patient 8. The β-method showed a clear minimal elastance for this patient, where the α-method failed to recognize the region. However, a single difference in outcome is of limited scientific value, and cannot be used to distinguish between methods.
Finding optimal patient-specific ventilator settings is a difficult and ambiguous task with much conflicting evidence. However, a recent study [14] implied that the region of minimal elastance would allow the greatest efficiency of gas transfer with respect to the range of bronchial pressure induced. In particular, it was noted that low pressure runs the risk of alveolar collapse[25] and high pressure increases the risk of VILI via over distension [26]. This research offers two novel methods of determining the range over which minimal elastance occurs using data from multiple PEEP levels. It is an important contribution as this work has shown that changes in PEEP level can yield measurable and informative differences in pulmonary elastance, which can be captured by extended, physiologically and mechanically relevant models and parameter identification methods. 

Conclusion
Due to the reduced influence of the resistance term in the β-method, the β-method had a slightly higher determination rate of min(E(P)) than the α-method. However, both model extensions and associated parameter identification methods tested in this analysis determined very similar, smooth functions that linked pulmonary elastance of ARDS patients to pressure during recruitment manoeuvres. Hence, the detectability of the elastance signal was very strong and thus, identification of pressure dependent elastance functions could be used to improve clinical practice. Further clinical trials that use the predictions of this model to set optimal PEEP values are required to ascertain the clinical benefit of this modelling strategy.
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